JSTOR is a not-for-profit service that helps scholars, researchers, and students discover, use, and build upon a wide range of content in a trusted digital archive. We use information technology and tools to increase productivity and facilitate new forms of scholarship. For more information about JSTOR, please contact support@jstor.org. Abstract. The abundance and diversity of fossil pigments (chlorophyll derivatives and carotenoids) in woodland humus layers and in circumneutral to moderately acid swamp peats are shown to increase with degree of soil waterlogging. The swamp peats are distinctly richer in pigments than are the highly acid peats from a Sphagnum bog, especially as regards carotenoids. However, the bog and swamp peats exhibit equal pigment diversity. Although the semi-aquatic swamp peats are richer and more diverse in fossil pigments than terrestrial humus layers, they are much poorer and much less diverse than profundal lake sediments. A combination of low pigment concentrations, moderate pigment diversity, and high ratios of chlorophyll derivatives to carotenoids has shown utility as an indicator of swamp invasion in the course of lacustrine evolution.
INTRODUCTION
Data on the abundance and diversity of fossil pigments in aquatic, wetland, and terrestrial soils provide information concerning the fate of biochemically important molecules breaking down under greatly differing conditions of soil moisture and acidity. Fossil pigments in lake sediments are particularly interesting because they serve as indices to present and past aquatic productivity (Gorham 1960 , 1961 , Sanger and Gorham 1970 . Productive lakes generally exhibit high concentrations and high diversity of fossil pigments in their sedimentary organic matter, which is largely derived from phytoplankton remains. Unproductive lakes exhibit low concentrations and low diversity of fossil pigments, because most of their sedimentary organic matter comes from well-oxidized materials washed in from the drainage basin. The low content and diversity of pigments in leaf litter and woodland humus layers have been demonstrated (Gorham and Sanger 1964, 1967 , Sanger and , Sanger 1972a .
Wetland peats may also contribute organic matter to lake sediments, but only a brief examination of the concentration of chlorophyll derivatives in swamp peats at Cedar Bog Lake in Minnesota has been made (Gorham and Sanger 1964) . A further study seemed desirable at the time we were investigating the pigment stratigraphy of Kirchner Marsh. This aquatic site has twice dried out and been invaded by wetland vegetation (Wright et al. 1963 as terrestrial and aquatic sites in Minnesota has been of considerable value in the interpretation of ecosystem evolution at the Kirchner site . This paper measures the abundance of carotenoids as well as chlorophyll derivatives, analyzes pigment diversity in addition to abundance, and examines a highly acid bog at Marcell as well as the swamp forest at Cedar Bog Lake, which generally ranges from circumneutral to moderately acid, although occasional highly acid hummocks can be found. (This swamp forest is equivalent to a minerotrophic fen carr in European terminology, the bog to ombrotrophic bog and poor fen, cf. Gorham 1957 , Sjbrs 1963 Comparisons are made with woodland humus layers in both sites.
SITE DESCRIPTIONS
Twenty-three surface soil samples were collected in the vicinity of Cedar Bog Lake, about 50 km north of the University of Minnesota and just east of state highway 65, both from mixed upland forest and from cedar-tamarack swamp hummocks, flats, and hollows, as described earlier (Gorham and Sanger 1964 , see also Conway 1949 , Lindeman 1941a . These sites represent a considerable moisture gradient, the earlier study (Gorham and Sanger 1964) showing water contents (as % fresh weight) of 32% in well-aerated woodland humus layers, 59% in swamp hummock peats, and 88% in the peats of waterlogged swamp flats and hollows. The water table in the swamp at that time ranged from about 50 cm beneath the surface of the tallest hummock to about 25 cm above the surface of the deepest hollow.
Sixteen samples were taken from jack pine forest, 
METHODS
Woodland humus layers were sampled down to the mineral soil, and ranged from about 2 to 7 cm in thickness. Bog and swamp peats were collected beneath the layer of living bog moss or dead swamp litter, usually to a depth of about 10 cm although the fibrous nature of many samples made accurate measurement impossible. Swamp hummock peats occurring over matted tree roots were often sampled to depths of only 3 to 5 cm.
The methods of chemical analysis have been described (Gorham and Sanger 1964 , 1967 , Sanger and Gorham 1970 . Chlorophyll derivatives (pheophytins, pheophorbides, chlorophyllides, cf. Sanger 1972b) were measured at the spectral peak between 660 and 670 nm, subtracting a baseline correction (for absorbance owing to other compounds) drawn between 520 and 800 nm. Bacteriochlorophyll derivatives (cf. Pratt and Gorham 1970) were measured at the spectral peak at 750 nm, subtracting a very substantial baseline correction drawn between 700 and 800 nm. The concentrations are therefore approximate.
Pigment concentrations are expressed as units per gram of dry organic matter, one unit being arbitrarily defined as equivalent to an optical density of 1.0 in a 10-cm cell when dissolved in 100 ml of solvent. The designation of trace concentrations indicates that a slight coloration was observed at the appropriate wavelength, but without the definite spectral peaks or shoulders characteristic of the pigment being analyzed. For 16 triplicate analyses showing less than one unit of either chlorophyll derivatives, epiphasic or hypophasic carotenoids (Table 2), the coefficient of variation showed a median of 10% and a range of 0 to 26%. For 14 analyses showing more than one unit of pigment (Table 2), the coefficient of variation showed a median of 4% and a range of 0 to 13%. For pigment diversity the overall mean coefficient of variation of 12 triplicate analyses was 3.0%, and the range 0 (6 samples) to 13%. Total organic matter in these non-calcareous organic soils was measured by loss on ignition at 500-5500C.
RESULTS
The analytical data are presented in Table 2 for Cedar Bog Lake and Table 3 for the site north of Marcell. Both tables are arranged in increasing order of soil waterlogging. Pigment concentrations are expressed per unit of organic matter; therefore they indicate the degree of pigment preservation relative to the degree of preservation of the total organic input to the soil.
Analyses of pH in expressed waters are lacking for the Cedar Bog Lake samples, but Dr. Mary Burke has kindly provided the following data for samples from the same areas: two woodland humus layers 5.7-6.4, seven swamp hummocks 3.9-5.8, nine swamp flats 5.7-6.9, nine swamp hollows 6.2-6.8. The following results were obtained (Gorham and Sanger 1964 ) by direct electrode insertion, dry soils having been wetted to field capacity: five woodland humus layers 5.0-5.7, five swamp hummocks 3.7-5.6, ten swamp flats 5.5-6.7, five swamp hollows 5.6-6.8.
Chlorophyll derivatives
The range at Cedar Bog Lake is from 0.1 to 12.6 units/ g organic matter. In the generally more acid The baseline corrections for chlorophyll derivatives are substantial, ranging from 16 to 29% at Cedar Bog Lake and from 16 to 75% north of Marcell. Much lower corrections, from about 1 to 30%, are generally recorded for lake sediments, the higher values being characteristic of strongly oligotrophic sites where pigment concentrations are relatively low and sedimentary organic matter is largely allochthonous. The jack-pine humus layers at Marcell require a greater correction factor than do the oakwood humus layers at Cedar Bog Lake, and the same is true of the Sphagnum bog peats at Marcell as compared to the swamp peats of more diverse origin at Cedar Bog Lake.
The corrections for bacteriochlorophyll derivatives are high, ranging from 32 to 60%. We have observed similarly high correction factors of about 16 to 61 % (second lowest 39%) for surface sediments in a small meromictic lake, and a range of 8 to 62% in a lake and marsh sediment core from Kirchner Marsh 
Pigment diversity
The wettest sites generally exhibit the greatest diversity of pigment spots on the two-dimensional, thinlayer chromatograms. At Cedar Bog Lake the woodland humus layers, swamp hummocks, and swamp flats yield a range of 4 to 9 spots, while the wet swamp hollows reveal from 20 to 22. At Marcell the woodland humus layers show a range of from 5 to 10 spots, the latter number representing a site with abundant Cladonia sp. cover and hence the likelihood of a contribution of algal pigments. The bog hummocks range from 5 to 16 spots, the two higher values in Table 3 representing relatively little-decayed Sphagnum sp. peats and the two lower values greater decomposition. The maximum diversity of 16 spots is recorded from a tall Sphagnum fuscum hummock. The bog hollows range from 5 to 21 spots, the two highest values coming from the wettest sites. The sample highest in diversity represents a well-decayed peat, but perhaps the wetness of the site has allowed a strong contribution of algal pigments, which are known to be highly diverse (Sanger and Gorham 1970) . The two marginal fen samples, both of them wet and one largely a Sphagnum peat, exhibit high diversities of 20 and 23 spots.
The diversity range in the Marcell bog sites (5-21 spots) is similar to the range in swamp at Cedar Bog Lake (4-22 spots), despite distinctly lower pigment concentrations.
DISCUSSION
As observed earlier (Gorham and Sanger 1964) in the case of chlorophyll derivatives, it is clear that the abundance of carotenoids and diversity of pigments at Cedar Bog Lake increases with the degree of soil waterlogging. Moreover, there is a strong correlation between chlorophyll derivatives and total carotenoids over the whole range of sites, as shown in Fig. 1 . The ratio of chlorophyll derivatives to carotenoids varies rather little from wet to dry sites (wherever carotenoids are abundant enough to be measured), the ratios lying between 0.7 and 2.1. Such ratios are generally lower than the range of 2.5 to 4.6 recorded for whole humus layers in a previous study (Gorham and Sanger 1967) . However, in that study the surface litter (L1 and L2) horizons showed ratios averaging 1.0, in contrast to much higher ra- tios (up to 9.7) in the deeper and more decomposed (F and H) horizons. The present series of woodland samples is likely to have the greater surface litter component, because in the earlier study a special effort was made to find samples with a complete range of well-separated L, F, and H layers-samples not easily met in the vicinity of Cedar Bog Lake. Epiphasic and hypophasic carotenoids are strongly correlated, and the epiphasic/hypophasic ratio is rather narrow throughout, ranging from 0.3 to 0.6. Very similar ratios (0.3 to 0.4) were observed in the earlier woodland study.
Pigment diversity at Cedar Bog Lake does not increase steadily as fossil pigment concentration rises. Instead, the woodland humus layers, swamp hummocks, and swamp flats exhibit a low diversity (4-9 spots) over their whole range of pigment concentration, while the swamp hollows exhibit a high diversity (20-22 spots) over their whole range of concentration.
The bog hummocks and hollows at Marcell are somewhat lower in chlorophyll derivatives than are the fen sites at Cedar Bog Lake, but very much lower in carotenoids, even in the wettest hollows. Whether the acidity of the site or the nature of the source material (Sphagnum) may be responsible cannot be decided at this time.
Pigment diversity is highest in the wettest sites, where algae are likely contributors, except for one tall hummock of Sphagnum fuscum peat with 16 spots. In this connection two samples of living Sphagnum spp. collected in Ohio yielded 15 and 25 spots. The latter sample, including both green and brown portions, was subdivided, whereupon the green portion showed 14 spots and the brown portion 18. The chromatograms did not resemble those of the numerous algae that have been tested at various times, so serious algal contamination seems unlikely. Several other mosses also show high pigment diversity, which has hitherto been attributed only to abundance of algae (Sanger and Gorham 1970) .
Despite the greater abundance and diversity of pigments in wet swamp peats than in woodland humus layers, the peats are still poorer in pigments (especially carotenoids) than are profundal sediments from productive holomictic lakes in Minnesota, which derive much of their organic matter from phytoplankton remains. Table 4 demonstrates this clearly, by comparing pigment concentrations and diversity in the three types of environment. Approximate ratios of lake maximum to swamp maximum are as follows: chlorophyll derivatives 1.3:1, epiphasic carotenoids 11:1, hypophasic carotenoids 6:1, pigment diversity 2: 1. Profundal sediment from certain meromictic lakes would yield even higher ratios from oligotrophic, unproductive sites deriving much of their sedimentary organic matter from the surrounding drainage basin. It appears that allochthonous organic matter in lake sediment, whether from terrestrial or semi-aquatic sites, will be characterized by lower pigment diversity, and particularly by lower carotenoid concentrations, than those observed in autochthonous organic matter such as the algal detritus which predominates in the sediments of highly eutrophic lakes. The range of 0.7 to 2.1 for ratios of chlorophyll derivatives to total carotenoids in swamp peats is distinctly higher than observed in profundal lake sediments, where the range is 0.2 to 1.0. The highest ratios are exhibited by the most oligotrophic lakes. The ratio of epiphasic to hypophasic carotenoids, ranging from 0.3 to 0.6, compares with a lake range of 0.4 to 1.0, with the oligotrophic lakes generally exhibiting low ratios.
Perhaps the chief stratigraphic significance of these data lies in the demonstration that even after lake conditions have disappeared and swamp conditions have supervened, as at much of the Cedar Bog Lake site, the diversity of sedimentary pigments may remain high (about 20) as long as wet flats and hollows are present and presumably capable of supporting an algal flora (cf. Sanger and Gorham 1970) . However, at such a stage of swamp development, one may expect higher ratios of chlorophyll derivatives to carotenoids than are characteristic of even quite shallow profundal lake sediments. Recent stratigraphic studies at Kirchner Marsh in Minnesota provide support for this viewpoint.
CONCLUSIONS
This study has shown that preservation of photosynthetic pigments or their derivatives deposited in woodland humus layers and swamp peats depends greatly on the degree of soil waterlogging in circumneutral to faintly acid sites. Highly acid Sphagnum bog environments do not favor pigment preservation to the same degree, although pigment diversity is about the same in both swamps and bogs. Analysis of fossil pigments can provide evidence of swamp or bog intervals in the evolution of aquatic ecosystems.
